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The human cytomegalovirus (HCMV) US12 gene family is a group of 10 predicted seven-transmembrane domain proteins that have some
features in common with G-protein-coupled receptors. Little is known of their patterns of expression, localization, or functional interactions. Here,
we studied the intracellular localization of three US12 family members, US14, US17, and US18, with respect to various intracellular markers and
the cytoplasmic virion assembly compartment (AC). The three proteins have distinct patterns of expression, which include associations with the
AC. US14 is often distributed in a uniform granular manner throughout the cytoplasm, concentrating in the AC in some cells. US17 is expressed
in a segmented manner, with its N-terminal domain localizing to the periphery of what we show here to be the AC and the C-terminal domain
localizing to nuclei and the cytoplasm [Das, S., Skomorovska-Prokvolit, Y., Wang, F. Z., Pellett, P.E., 2006. Infection-dependent nuclear
localization of US17, a member of the US12 family of human cytomegalovirus-encoded seven-transmembrane proteins. J. Virol. 80, 1191–1203].
Here, we show that the C-terminal domain is present at the center of the AC, in close association with markers of early endosomes; the N-terminal
staining corresponds to an area stained by markers for the Golgi and trans-Golgi. US18 is distributed throughout the cytoplasm, concentrating in
the AC at later stages of infection; it is localized more to the periphery of the AC than are US14 and US17C, in association with markers of the
trans-Golgi. Although not detected in virions, their structures and localization in various zones within the AC suggest possible roles for these
proteins in the process of virion maturation and egress.
© 2006 Elsevier Inc. All rights reserved.Keywords: Herpesvirus; Cytomegalovirus; Seven-transmembrane protein; G-protein-coupled receptor; Virion assembly; Virion maturation; Protein transport;
Secretory pathwayIntroduction
Human cytomegalovirus (HCMV), a member of the
betaherpesvirus subfamily, is a significant cause of morbidity
and mortality in immune compromised hosts. The complex
interaction of HCMV with its host includes alteration of
numerous cellular processes, including cell cycle progression,
cellular proliferation, cell adhesion, transcriptional regulation,
and immune regulation (reviewed in Mocarski and Courcelle,
2001). Many of these behaviors trace to the high genetic
complexity of the virus, which encodes at least 165 protein-⁎ Corresponding author. Fax: +1 216 444 2998.
E-mail address: pelletp@ccf.org (P.E. Pellett).
0042-6822/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2006.11.019expressing genes (Dolan et al., 2004; Murphy et al., 2003), as
well as microRNAs (Dunn et al., 2005; Grey et al., 2005; Pfeffer
et al., 2005). Specific functions have not been ascribed to most
of these genes, and only 40 or so core genes are essential for
growth in fibroblasts (Dunn et al., 2003; Yu et al., 2003). Of the
non-core genes for which functions have been identified, many
play roles in modulating innate cellular responses such as
apoptosis or in manipulating various components of the
immune recognition machinery (reviewed in Mocarski, 2004).
Fully defining the viral functome, which is the net manifestation
of the viral genome, transcriptome, and proteome (Pellett and
Roizman, in press), remains as a major challenge in the post-
genomic era. The task is complicated in the case of HCMV by
the lack of an animal model. We are further limited in devising
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viral replication or virus–host interactions; it is probable that
viral proteins take part in important processes of which we are
unaware.
We have focused on the HCMV US12 gene family as a
group of genes that are individually non-essential for viral
growth in cultured cells (Dunn et al., 2003; Yu et al., 2003), but
are highly conserved among clinical isolates (Murphy et al.,
2003), and have properties suggestive of interesting biologic
properties that might include possible regulatory roles during
HCMV infection. The US12 gene family is a set of 10
contiguous, tandemly arranged genes (US12 through US21)
that are predicted to encode proteins with seven transmembrane
domains (7TM proteins) (Weston and Barrell, 1986). While
having some properties reminiscent of G-protein-coupled
receptors (Lesniewski et al., 2006; Rigoutsos et al., 2003),
their sequences are markedly different from other groups of
7TM proteins, including the GPCR-related proteins encoded by
US27, US28, UL33, UL78 (reviewed in Paulsen et al., 2005;
Sodhi et al., 2004; Stropes and Miller, 2004). US12 family
homologs have been identified only in cytomegaloviruses of
higher primates (rhesus cytomegalovirus, RhCMV; chimpanzee
cytomegalovirus, CCMV; and HCMV), the family comprising
approximately 5% of the total genetic content of each of theseFig. 1. US14, US17C, and US18 colocalize with virion proteins gB and UL99 in the A
as indicated. Antibodies are described in Table 2. Green: US14, US17C, or US18; rviruses. Expression of three US12 family genes was studied by
Guo and Huang (1993), who identified a tricistronic mRNA
spanning US20 through US18 that was expressed with Early
kinetics and an mRNA specific to US18 that was expressed as a
Late gene. In addition, the protein encoded by US19 was
detected at 18 h p.i., while US18 and US20 were detected
between 24 and 36 h p.i. In a microarray analysis, early
transcripts were detected across all US12 family members
except for US15 (Early–Late) and US21 (not detected)
(Chambers et al., 1999). Expression of US17 and US18 proteins
is dependent on viral DNA replication (Das et al., 2006). We
have also found that US12 family proteins do not encode
complementary essential functions, in that a virus deleted for
the entire locus replicates approximately as well as its parent
(Wang et al., unpublished data).
Sequence analyses indicate that US12 family members are
likely to be associated with membranes. With no significant
phenotype being associated with the absence of US12 family
members, we conjecture that insights into their function can be
gleaned by learning where and when they are expressed during
infection. In earlier work we developed specific antibodies to
US14, the C-terminal segment of US17 (US17C), and US18
(Das et al., 2006). Here, we used those antibodies and markers
for cytoskeletal components, cytoplasmic components of theC. HLF cells were infected at an moi of 0.01 for 144 h and then fixed and stained
ed: indicated virion protein; blue: DAPI.
Fig. 2. US14, US17C, and US18 do not colocalize with cytoskeletal components. HLF cells mock infected or infected at an moi of 0.01 for 144 h were fixed and then
stained as indicated, using antibodies described in Table 2. Green: US14, US17C, or US18; red: cytoskeletal marker; blue: DAPI. The primary antibody mix used to
stain uninfected cells for F-actin and α-tubulin also contained working dilutions of the US18 and US17C rabbit polyclonal antibodies, respectively, providing
information about the background levels of staining from these antibodies.
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plasmic reticulum, Golgi apparatus, trans-Golgi network
(TGN), and early endosomes), and the cytoplasmic virion
assembly complex to learn the intracellular distribution of three
US12 family members.
The cytoplasmic virion assembly complex (AC) is a
commonly observed, but poorly defined perinuclear structure
that harbors many different virally encoded tegument, envelope,
and non-structural proteins (Homman-Loudiyi et al., 2003;
Sanchez et al., 2000; Seo and Britt, 2006), whose formation is
dependent on the kinase activity encoded by UL97 (Azzeh etFig. 3. Localization of US14, US17C, and US18 relative to components of the cellula
144 h were fixed and then stained as indicated, using antibodies described in Table 2. G
images, orange indicates weak and yellow indicates strong colocalization.al., 2006; Prichard et al., 2005), and which probably
corresponds to a form of cytoplasmic inclusion commonly
seen in HCMV-infected tissues (Resnik et al., 2000). In many
micrographs, the structure has a disk-like appearance, and to a
first approximation has a diameter approximately that of a
transverse section through the nucleus. We found that all three
proteins are expressed in overlapping but distinct associations
with components of the secretory apparatus. Interestingly,
although none of these proteins has been detected in HCMV
virions (Varnum et al., 2004), they are expressed with unique
distributions in the AC.r secretory apparatus. HLF cells mock infected and infected at an moi of 0.01 for
reen: US14, US17C, or US18; red: organelle marker; blue: DAPI. In the merged
Fig. 4. Temporal associations of US17C and US18 with components of the
secretory apparatus. As described in Materials and methods, colocalization is
expressed as the percentage of pixels positive for fluorescence from a given
organelle marker that were simultaneously positive for either US17C or US18.
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In a prior study, similar cytoplasmic rearrangements and
route of HCMV maturation were seen in lung fibroblasts,
arterial and venous endothelial cells, and smooth muscle cells
(Homman-Loudiyi et al., 2003); based on this, we limited our
analysis to human fetal lung fibroblasts. Images shown here
were chosen for their illustrative clarity but are representative of
relationships seen in numerous experiments, multiple photo-
graphic fields, thousands of cells, and as a part of orderly
temporal processes.
Association of US12 family members with AC
In our initial characterization of antibodies against US12
family members, we noted that at later time points, they all
stained a perinuclear structure that appeared to correspond to the
previously described AC. To verify this, we examined the
localization of US14, US17C, and US18 relative to three
predominantly cytoplasmic HCMV proteins, pp65, gB, and
pUL99 (pp28). At early times after infection, pp65 is nuclear;
after 48 h it progressively becomes almost exclusively widely
and diffusely distributed in the cytoplasm, with no specific
association with the AC (Sanchez et al., 2000). We found that
pp65 overlaps with, but does not specifically colocalize with
US14, US17C, or US18 (data not shown). gB is generally most
abundant towards the cytoplasmic periphery, but sometimes
also concentrates in the AC; pUL99 has high colocalization in
the AC with the tegument protein UL32 (pp150) (Sanchez et al.,
2000). As shown in Fig. 1, US14, US17C, and US18 can each
concentrate to regions coincident with these AC markers. It is
evident that proteins are not homogeneously distributed within
the AC. For example, the C-terminal segment of US17
(visualized here) concentrates towards the center of the AC
(also evident in Fig. 3 and in Figs. 5 and 9 of Das et al., 2006),
while pUL99 is more abundant towards the AC periphery. We
note that during early stages of infection and prior to AC
development approximately 4 days after infection, US14,
US17C, and US18 are distributed relatively homogeneously
throughout the cytoplasm (Figs. 2, 3, and data not shown).
Although the US12 family members associate with the AC, they
were not detected in mature virions (Varnum et al., 2004).
Lack of association with the cytoskeleton and cell surface
To understand whether US12 family members are associated
with cytoskeletal components, cells were stained with markers
for F-actin and α-tubulin, and antibodies against US14, US17C,
and US18 (Fig. 2). In these confocal cross-sections, the
predominant localizations of the three viral proteins are to the
interior of the cell. US17C and US18 staining were not
coincident with the cytoskeletal markers, but there was some
colocalization of US14 with α-tubulin. In contrast to US17C
and US18, which are much less abundant towards the
cytoplasmic periphery, US14 was often detected in a cytoplas-
mic distribution that extends to near the cell periphery. Because
the concentration of the α-tubulin-coincident US14 is notincreased relative to adjacent areas, the coincident signals are
likely to be a result of overlap as opposed to interaction. We did
not detect staining for the viral proteins exterior to the
cytoskeletal markers in the infected cells, indicating that if
these proteins are ever present on the cell surface it is in very
limited quantities relative to their intracellular abundances.
In contrast to the standard epifluorescence microscopic
images of Sanchez et al. (2000), in which the cytoskeletal
components α-tubulin, F-actin, and vimentin appear to radiate
from the AC, our confocal cross-sections show the cytoskeleton
markers to be restricted to a membrane proximal layer, with no
apparent connection through the cytoplasm to the AC. These
differences are most likely due to differences in imaging
methods.
Association of US14, US17C and US18 with components of the
secretory apparatus
We examined the localization of US14, US17C and US18
relative to components of the secretory pathway (Fig. 3). We
monitored the expression of these proteins as a function of time,
but elected to show images of only the 144-h time point because
this represents a mature state of development of the infected cell
into a stable virus-producing factory (Sampaio et al., 2005).
Time-related associations for US17C and US18 are described
below and shown in Fig. 4.
In addition to its AC association that was described above, in
many cells and especially at earlier stages of infection, US14 is
rather uniformly distributed throughout the cytoplasm, with no
apparent focal concentrations (Fig. 2). In cells where it is
associated with the AC, US14 has its strongest colocalization
with the TGN and early endosomes (Fig. 3).
As previously described, US17 is expressed in a segmented
manner (Das et al., 2006). The soluble C-terminal segment
268 S. Das, P.E. Pellett / Virology 361 (2007) 263–273(US17C) recognized by the polyclonal antibody used here
localizes to infected cell nuclei and cytoplasm. The major
cytoplasmic colocalization of US17C was with the TGN, and
even more so with early endosomes. A transient colocalization
of US17C with a Golgi marker (GM130) peaked at 54 h p.i. As
shown later, US17C colocalized in the nucleus with a protein
that is normally associated almost exclusively with the TGN
(golgin-97).
The antibody against US18 targets its N-terminal lumenal
domain, and reacts exclusively in the cytoplasm. At earlier time
points (36 and 54 h p.i.), US18 is most strongly associated with
the Golgi marker GM130 (Fig. 4). At later times, the association
with Golgi, TGN, and early endosomal markers increases, with
its strongest associations ultimately being with the TGN (p230)
at 144 h p.i. (Fig. 3).
Although US14, US17C, and US18 are associated with the
AC, US18 is more uniformly distributed within it than are US14
and US17C, which often have a highly punctate concentration
at the center of the complex. As summarized in Table 1, our
results show that US14, US17N (discussed below), US17C, and
US18 have overlapping but unique associations with later
components of the secretory apparatus (TGN and early
endosomes) and the AC.
Temporal association of US17C and US18 with components
of the secretory apparatus
We quantitatively assessed changes in localization patterns
of US17C and US18 during the course of infection (Fig. 4).
These changes could be related to the process of transport
during their biosynthesis, as well as to their localization in the
area(s) where they play their ultimate biological role(s). To do
this, as a function of time after infection, we measured the
proportion of pixels in infected cells with positive fluorescence
for a cytoplasmic marker that were simultaneously positive for
the viral protein of interest (as described in Materials and
methods).
For US17C and US18, the colocalization with cytoplasmic
structures occurred in two phases that likely reflect complex
underlying events. As shown (Das et al., 2006), US17CTable 1
Summary of organelle and AC associations at 144 h p.i.
Organelle Marker US14 US17 US18
N-term C-term
Endoplasmic reticulum Bip − − − −
Golgi GM130 ++ +++ − ++
TGN pp230 ++++ +++ ++++ ++++
Early endosome EEA1 ++++ − ++++ +++
AC periphery ++ +++ ++ +++
AC interior +++ − ++++ ++
Nucleus − − ++++ −
These results summarize numerous observations from many experiments. The
number of ‘+’ signs reflects the extent of localization in the indicated
compartment; ‘−’ indicates that no association was observed. The US17N results
are the product of inference in comparison to the staining pattern of US17C,
because the antibody used to detect US17N is a mouseMAb, which precludes its
simultaneous use with the antibodies used as organelle markers.rapidly embarks on a path different from the N-terminal
segment of the protein. As seen here, US17C associates with
the Golgi at the earliest stages of it being detectable, with
subsequent increased colocalization with the TGN and early
endosomes (108 and 144 h p.i.). It is not clear whether the
protein would be transported as an integral membrane protein,
or tethered to another protein. US18 has an earlier and
stronger ongoing Golgi presence, with increased association
with later components of the secretory apparatus as infection
progresses, a likely reflection of its biosynthesis and
trafficking to its final (and perhaps functional) destinations.
These results provide further evidence that US17C and US18
have individualized interactions with components of the
secretory apparatus.
US17C colocalizes in infected cell nuclei with an organizer
of the TGN
A commonly used marker for the TGN is golgin-97, a
protein that plays a role in endosome-to-TGN retrograde
transport (Barr, 1999; Barr and Short, 2003; Kjer-Nielsen et
al., 1999; Lu et al., 2004; Munro and Nichols, 1999; Yoshino et
al., 2003). Golgin-97 is not a transmembrane protein, but is
tethered to the cytoplasmic face of the TGN via an interaction
with a small G protein (Arl1) (Lu and Hong, 2003), that is
anchored to the cytoplasmic face of TGN membranes via a
myristoyl group (Lu et al., 2001). Golgin-97 has heretofore
been described solely as a cytoplasmic protein. Indeed, when its
interaction with Arl1 is prevented, golgin-97 dissociates from
the TGN and diffuses throughout the cytoplasm, but does not
appear to enter the nucleus (Lu and Hong, 2003). Under
conditions where golgin-97 is absent or unable to interact with
the TGN, the TGN is fragmented (Lu et al., 2004). We
unexpectedly found that, in addition to golgin-97 being present
in the AC, HCMV infection leads to an unprecedented
relocation of the protein to nuclei, where it colocalizes with
US17C (Fig. 5A). The US17C colocalization is much greater
than previously seen between US17C and other markers in
infected cell nuclei, including IE2, the major DNA-binding
protein, and UL99 (Das et al., 2006) (Fig. 5B). Interestingly,
although US17C and golgin-97 have extensive nuclear
colocalization, they only partially overlap in the AC, with
US17C being concentrated at its center and golgin-97 being
present more to the AC periphery.
To test the hypothesis that US17 might be required for the
nuclear localization of golgin-97, we examined cells infected
with three different viruses: HCMV (AD169), a BAC
recombinant of HCMV (AD169) from which US17 had been
deleted (Yu et al., 2003), and HCMV (Towne). Golgin-97
relocalized to nuclei of cells infected with both AD169-related
viruses (including the US17 deletion), but not in response to
HCMV (Towne) infection (Fig. 5D). This experiment shows
that (i) US17 is not necessary for nuclear localization of golgin-
97, (ii) golgin-97 nuclear localization is not necessary for
nuclear localization of US17C, and (iii) nuclear localization of
golgin-97 is not necessary for development of the AC or for
replication of HCMV (Towne).
Fig. 5. Localization of golgin-97, a protein normally present on the TGN, in HCMV-infected cells. (A) Golgin-97 relocalizes to nuclei of HLF cells infected with
HCMV(AD169). Localization is shown relative to US17C and US18. (B) Colocalization of golgin-97 with US17C and US18 during the course of infection.
Colocalization was measured as described for Fig. 4. (C) Immune blot analysis of golgin-97 in uninfected and infected cells (120 h p.i.). (D) Golgin-97 relocalization is
not dependent on the presence of US17 and AC formation is not dependent on nuclear localization of golgin-97. Merged images showing DAPI-stained nuclei (blue)
and golgin-97 staining (red) are shown for infections with HCMV(AD169) and recombinant of strain AD169 from which the US17 gene was deleted (Yu et al., 2003).
For infections with HCMV (Towne), red–green–blue and red–blue merged images are shown to make it clear that golgin-97 is not present in infected cell nuclei.
Antibodies are described in Table 2.
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infected cells, cellular extracts were prepared at 120 h p.i.,
separated by electrophoresis, and then subjected to immuno-blotting with an anti-golgin-97 monoclonal antibody. The
antibody reacted with species of approximately 97 kDa and
60 kDa in both uninfected and infected cell extracts, with
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40 kDa (Fig. 5C) in infected cell extracts. This suggests
additional processing or fragmentation during infection that is
different from the generation of a 25-kDa fragment detected in
vaccinia and cowpox virus virions by using the same antibody
(Alzhanova and Hruby, 2006). The overall similarity of the
patterns and relative intensities between uninfected and infected
cells suggests that that the nuclear staining seen in infected cells
is golgin-97, but it remains possible that the new nuclear
distribution could be due to cross-reaction of the antibody with
a virally encoded or virally induced nuclear protein.
Discussion
Bioinformatic analyses suggest that the members of the
HCMV US12 family of 7TM proteins are likely to embody
diverse functions (Lesniewski et al., 2006) that would
necessitate differences in their intracellular distribution. Here,
we studied the association of three members of the HCMV
US12 family with various organelles and components of the
cytoskeleton. While we found no specific associations between
the proteins and cytoskeletal components (F-actin or α-tubulin)
or infected cell surfaces, we found interesting and unique
associations of these proteins with the cytoplasmic AC and
components of the cellular secretory apparatus.
Associations of US14, US17, and US18 with the cytoplasmic
AC
As mentioned, little is known about the composition or
structure of the AC, which is sometimes described as a
perinuclear cytoplasmic inclusion. The structure corresponds to
the highly vacuolated cytoplasmic region observed by electron
microscopy to contain tegumented, but non-enveloped virus
particles in the cytoplasmic space and tegumented enveloped
virions inside of cytoplasmic vesicles (Severi et al., 1988). We
frequently see AC as part of small syncytia (<10 nuclei), and
have never observed more than one AC per syncytium or per
non-syncytial infected cell. Syncytial AC have structures that
appear to be similar in composition and organization to AC in
non-syncytial cells, although in non-syncytial cells, structural
features are often more compactly arranged, and hence less
readily visualized (Das et al., in preparation). Viral proteins
previously identified in the AC are structural proteins (pp150,
pp65, UL99, gB, gH, gL, gp65, UL97) (Homman-Loudiyi et
al., 2003; Prichard et al., 2005; Sanchez et al., 2000), and there
is colocalization of Golgi and TGN markers with the periphery
of the AC (Azzeh et al., 2006; Sanchez et al., 2000; Seo and
Britt, 2006). The AC does not appear to be part of the lysosomal
degradative pathway or related to aggresomes (Homman-
Loudiyi et al., 2003; Sanchez et al., 2000). We found that at
least three members of the HCMV US12 gene family are at least
transiently associated with the AC, even though none of them
has been identified in virions. The failure to detect these
proteins in virions cannot be explained simply as having been
due to the hydrophobic nature of the proteins, because other
7TM proteins were detected (UL33 and US27), and the mostabundant virion protein identified (UL100/gM) has eight
predicted transmembrane segments (Varnum et al., 2004). Our
results suggest that US12 family members may play roles in the
transport of viral proteins and/or virion assembly, and that the
AC connects to the secretory apparatus in a way that was not
previously described.
Associations of US14, US17, and US18 with components of the
secretory pathway
We found that the intracellular distributions of US14,
US17C, and US18 dramatically change during the course of
infection. This has two major components: changes in their
associations with specific organelles, and changes in the
intracellular distribution of the organelles themselves during
infection. The changes in their associations with specific
organelles are likely to be a combination of their requisite
maturation pathway (as indicated by the early stronger
associations with the Golgi and later stronger associations
with the TGN and early endosomes), their main functional site,
and possibly their transit to sites of degradation. It is possible
that they shuttle from one site to another. If these proteins are
associated with the plasma membrane, it is either at low
abundance and/or transiently, because we detected no such
localization at any time point studied. The strongest associations
were with the TGN and early endosome markers within the AC
(Table 1).
As shown previously, a MAb directed at the N-terminus of
US17 stains a ring-like structure at the outer edge of what we
show here to be the AC (Fig. 9 in Das et al., 2006). This pattern
was observed consistently and corresponds to the portion of the
AC that is labeled by antibodies to the Golgi and TGN. US14
and US17C can concentrate towards the interior of the AC,
predominantly in association with the marker for early
endosomes, and are often detected as a punctate dot at the
center of the AC. US18 can concentrate in the AC, but with a
more uniform distribution than US14 or US17C, and, in contrast
to US14 and US17C, was not detected in focal concentrations at
the center of the AC.
The concentric arrangement of the Golgi, TGN, and early
endosome markers, with the Golgi markers forming the outer
ring, and the early endosomal markers being concentrated at the
center, constitutes a radical rearrangement of the secretory
apparatus that has not been fully appreciated. Severi et al.
described a circular arrangement of what were thought to be
Golgi-derived vesicles (Severi et al., 1988). Ring-like arrange-
ments of ERGIC, Golgi, and TGN markers relative to the AC
are evident in data published by others (Homman-Loudiyi et al.,
2003; Sanchez et al., 2000; Seo and Britt, 2006), and were
described as being peripheral to the AC. Extending from this
prior work, we used an early endosomal marker that
unexpectedly localized to the interior of the AC. This led to
the development of a new model for HCMV maturation and
egress (Das et al., in preparation), in which virions mature
during passage through the AC to the early endosome-derived
region, where final envelopment occurs (Tooze et al., 1993),
followed by transport to the cell surface for release. This
Table 2
Primary antibodies and stains used in this study
Target Antibody/Stain Type Source
UL83/pp65 Cytomegalovirus
pp65 lower matrix
protein
Mouse MAb Fitzgerald Industry
International Inc.,
Concord, MA
UL99/pp28 Cytomegalovirus pp28
tegument protein
Mouse MAb ABI, Columbia, MD
gB, UL55 Envelope glycoprotein Mouse MAb Virusys Corporation,
Sykesville, MD
F-actin Bicyclic phallotoxin
peptide that binds to
F-actin
Fluorescent
peptide
Molecular Probes
Inc., Eugene, OR
α-Tubulin Recognizes amino acid
residues 69–97 of the
N- terminal structural
domain
Mouse MAb Molecular Probes
Inc.
BiP/GRP78 Major endoplasmic
reticulum to Golgi
chaperone; predominantly
associated with the
endoplasmic reticulum
Mouse MAb BD Biosciences,
San Jose, CA
GM130 Interacts with Golgi
membranes
Mouse MAb BD Biosciences
GM97 Golgin-97, a protein
associated with the
cytoplasmic face of
the TGN
Mouse MAb Molecular Probes,
Inc.
p230 Peripheral membrane
protein associated
with the cytosolic
face of the TGN
Mouse MAb BD Biosciences
EEA1 Early endosome
antigen 1
Mouse MAb BD Biosciences
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recognized HCMV cytoplasmic inclusion and AC with other
long-standing observations that link HCMVmaturation with the
vesicular transport system (Eggers et al., 1992; Fraile-Ramos et
al., 2002; Homman-Loudiyi et al., 2003; Jarvis et al., 2004;
Landini et al., 1987; Severi et al., 1988).
In addition, we found that golgin-97, a protein that is
involved in the organization of the TGN and in TGN-to-
endosome transport, and is incorporated into virions of
orthopoxviruses, localizes to infected cell nuclei, although it
has never been reported to be present in nuclei of uninfected
cells. The significance of this observation is obscure at present,
inasmuch as the nuclear localization occurs during infection
with one laboratory strain of virus (AD169), but not another
(Towne).
Localization signals
The US12 family constitutes a unique group of 7TM proteins
(Lesniewski et al., 2006). As noted, they have properties
consistent with being involved in a variety of intracellular
regulatory processes, such as regulation of vesicular transport,
influencing virion composition, and regulation of kinetics of
virion assembly and release that would require individualized
and precise intracellular targeting, as well as precise interactions
with a variety of other proteins. Consistent with this, US14,
US17C, and US18 have different intracellular distributions
relative to the AC and the cellular secretory apparatus. This
localization is in the absence of discernable known trafficking
signals (Lesniewski et al., 2006), which implies that additional
routing signals remain to be identified. As we showed for US17,
the path of processing and localization may be dependent on
infection (Das et al., 2006), or possibly on expression of specific
viral genes.
In summary, our results show that patterns of expression of
the three proteins studied change during the course of infection,
and that each of the proteins studied is associated in different
ways with the AC, as well as with components of the cellular
secretory apparatus that are associated with the AC. These
results are consistent with the possibility of US12 family
members playing diverse roles in virion maturation.
Materials and methods
Cells and virus
Human lung fibroblasts (HLF, obtained from the Centers
for Disease Control and Prevention, Atlanta, GA) and MRC-5
cells (American Type Culture Collection, Manassas, VA) were
cultured in Eagle's minimal essential medium containing
FBS, non-essential amino acids, and sodium pyruvate at 37
°C in 5% CO2. HCMV strain AD169 and HCMV (Towne)
(American Type Culture Collection), and a recombinant
HCMV (AD169) BAC from which US17 had been deleted
(Yu et al., 2003) (kindly provided by Dr. Thomas Shenk)
were propagated in MRC-5 cells. The experiments described
here were done by infecting semiconfluent HLF monolayersthat were prepared by seeding 2×104 HLF cells per well into
8-well chamber slides 1 day prior to infection at 0.01 p.f.u.
per cell.
Immunofluorescence microscopy
Reagents and methods for paraformaldehyde fixation,
Triton X-100 permeabilization, and fluorescence confocal
microscopy were as described previously (Das et al., 2006).
Primary antibodies and their targets are listed in Table 2.
Secondary goat polyclonal antibodies were an anti-rabbit IgG
conjugated with Alexa Fluor 488 and an anti-mouse IgG
conjugated with Alexa Fluor 568 (Molecular Probes, Eugene,
OR). Quantitative image analysis was done using ImagePro
version 5.1 (Media Cybernetics Inc., Silver Springs, MD).
Images were processed using Adobe Photoshop cs; contrast or
color intensity adjustments were applied to entire images.
Dual color colocalization analysis was performed using the
analysis macro in ImagePro 5.1 software. To understand the
colocalization and pattern of expression of the US12 gene
family protein, we selected representative plaque regions from
each time point, and then used the software to separate the
green and red pixel arrays from the overlay digital images.
For each color, after background removal, positive pixels
were assigned a value of 1. Finally, the data are represented
272 S. Das, P.E. Pellett / Virology 361 (2007) 263–273graphically as the percentage of green pixels to which red
colocalized.
Immune blotting
HLF cells infected with HCMV(AD169) with at 0.5 p.f.u. per
cell were harvested at 120 h p.i. in a high salt lysis buffer
containing 20 mM HEPES (pH 7.9), 25% glycerol, 1.5 mM
MgCl2, 800 mM KCl, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM
PMSF, 1% NP-40, and a protease inhibitor cocktail (Roche
Applied Science, Indianapolis, IN). After clarification, the extract
was mixed with sodium dodecyl sulfate (SDS) sample buffer (6×)
containing Tris–HCl [pH 6.8], 0.2% 2-mercaptoethanol, 30%
glycerol, 10% SDS, and then boiled for 5 min. The proteins were
separated by SDS-polyacrylamide gel eletrophoresis in a 10% gel,
followed by electrical transfer of the proteins to a nitrocellulose
membrane (0.2-μm pore; Schleicher and Schuell, Keene, NH).
The blot was incubated for 1 h at room temperature in blocking
buffer containing of 5% fat-free milk powder and 0.05% Tween
20 in PBS, and then reacted overnight with anti-golgin-97 mouse
monoclonal antibody in a buffer containing 0.05% Tween 20 and
1%normal goat serum (Caltag, Burlingame, CA) in PBS. The blot
was washed three times in PBS with 0.05% Tween 20, and then
incubated with horseradish peroxidase-conjugated goat anti-
mouse antibody (Pierce Biotechnology) and a chemilumines-
cence substrate (Pierce Biotechnology).
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